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There is a robust signal for a 511 keV photon line from the galactic center which may originate from
dark matter particles with masses of a few MeV. To avoid the bounds from delayed recombination
and from the absence of the line from dwarf galaxies, in 2017, we have proposed a model in which
dark matter first decays into a pair of intermediate pico-charged particles CC¯ with a lifetime much
larger than the age of the universe. The galactic magnetic field accumulates the relativistic CC¯ that
eventually annihilate, producing the e−e+ pair that give rise to the 511 keV line. The relativistic
pico-charged C particles can scatter on the electrons inside the direct dark matter search detectors
imparting a recoil energy of Er ∼ keV. We show that this model can account for the electron recoil
excess recently reported by the XENON1T experiment. Moreover, we show that the XENON1T
electron recoil data sets the most stringent bound on the lifetime of the dark matter within this
model.
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2I. INTRODUCTION
From the cosmological scales down to the galactic scales, dark matter has demonstrated its existence via gravita-
tional effects. The efforts to discover the particles composing dark matter by direct and indirect dark matter search
experiments are ongoing. Although no conclusive discovery has so far been made, various observations have been
reported that defy an explanation within the standard model and may have a dark matter origin. One of them is the
observation of the 511 keV line from the galactic center. Another signal is the recently reported XENON1T electron
recoil signal [1].
The statistical observation of the 511 keV line is quite robust and its morphology is well reconstructed [2]. The
shape of this line strongly suggests that it comes from the decay of non-relativistic positronium atoms. The intensity
of the line is of course proportional to the density of the positronium atoms. The measured intensity indicates a
density for positron in excess of that expected from known sources such as pulsars. The positron excess in the galactic
center tantalizingly suggests a dark matter origin. In the scenario proposed in [3], the dark matter pairs of mass of
few MeV annihilate into e−e+ pairs with a cross section of 10−4 pb. This simplistic solution is now ruled out because
of two reasons: (i) If the annihilation is through the s-channel, the e−e+ production in the early universe would result
in the delayed recombination with signatures on the CMB fluctuations that are ruled out [4]; (ii) the model predicts
a 511 keV photon line from dwarf galaxies but the observations refute this prediction [5].
In [6], we have proposed a solution that avoids these constraints. In our model, dark matter, X, is also a MeVish
particle that can be identified with the SLIM particles [7] whose abundance in the universe is set by the annihilation
into the νν and ν¯ν¯ pairs through the freeze-out scenario. The X particles are metastable with a lifetime larger than
10000 times the age of the universe. In our model, X decays into a pair of CC¯ particles which have an electric charge
of qC ∼ 10−11. With such electric charge, the Larmour radius of these particles in the galaxy will be smaller than
the thickness of the galactic disk. As a result, CC¯ pair will be accumulated in the galaxy despite their velocities
being larger than the escape velocity. The C and C¯ pairs eventually annihilate and produce e−e+ pairs, explaining
the 511 keV line. At the recombination, the density of C and C¯ would be too small to lead to a significant entropy
dump through the e−e+ production. Moreover, the magnetic fields in the dwarf galaxies are typically too small to
accumulate CC¯ and lead to a discernible 511 keV line.
In Ref [6], we had predicted a signal for the electron recoil excess in direct dark matter search experiments.
Recently the XENON1T detector has reported an excess of scattered electrons with recoil energies 1− 7 keV over the
background. Although one possible solution is the β decay of the residue Tritium nuclei in the sample [1] (see also
[8]), this observation has instilled a considerable activity in the field [9–13]. In this paper, we show that our model
can simultanously explain the 511 keV line and the XENON1T excess. An alternative solution is proposed in [14].
Some of the ideas proposed in the literature to explain the excess include axions [1, 9], non-standard interaction
for the solar pp neutrinos [10] and the absorption of the background vector dark matter of a mass of a few keV [11].
The shape of the electron recoil spectrum cannot be explained by the vanilla WIMP dark matter scattering as the
recoil energy off the electrons will be smaller than 1 eV and below the detection threshold. However, boosted dark
matter may be able to account for the observed excess [12]; see, however, [15]. Another possibility is down-scattering
of inelastic dark matter with a splitting of few keV [13]. In our model, the C and C¯ particles wandering in the
galactic plane have relativistic velocities. As a result, despite their small mass, the scattering of the C particles off the
electrons can impart a sizable recoil energy. In this model, the interaction of the C particles with the electrons (as well
as with the protons) takes place via the t-channel virtual SM photon (i.e., via Coulomb interaction) and dark photon
exchanges. In majority of the unconstrained parameter space, the former dominates so the energy spectrum of the
recoiled electron, dN/dEr, is inversely proportional to the square of the recoil energy, E
−2
r as expected for Coulomb
interaction. We however show that there is a possibility of cancellation between the contributions from the SM and
dark photon exchanges at a given energy bin which provides a better fit to the data. We also use the XENON1T
electron data to derive an upper bound on the C and C¯ abundance (i.e., on the fraction of dark matter particles that
decay into CC¯).
This paper is organized as follows: In sect. II, we review the model. In sect. III, we show how the XENON1T
electron recoil excess can be explained within our model and derive a lower bound on the lifetime of dark matter
particles. Conclusions are summarized in sect. IV.
II. THE MODEL
The model proposed in Ref [6] is based on adding a new UX(1) gauge symmetry to the Standard Model (SM) gauge
group. The new gauge boson has a mixing with the photon both via the kinetic term and via the mass term through
Stuckelberg mechanism. This aspect of the model is elaborated on in Ref. [16]. Following the notation of [16], the
3kinetic and Stuckelberg mass terms for the new gauge field Aµ and the hypercharge gauge field Bµ can be written as
− AµνA
µν
4
− BµνB
µν
4
− δ
2
AµνB
µν − 1
2
(∂µσ +M1Aµ + M1Bµ)
2
, (1)
where δ,  1. Going to the canonic kinetic and mass basis, we shall have three neutral gauge bosons; i.e., the SM γ
and Z bosons plus a new gauge boson called dark photon, A′µ. To the linear order in  and δ, we find that the mass
of A′ is decoupled from the Z mass and is equal to M1. Neglecting O(2, δ2), we find the following coupling between
the SM charged fermions, f and A′:
q′f¯γµfA′µ where q
′ = e cos θW (− δ)Qf , (2)
in which θW is the weak (Weinberg) mixing angle. Notice that the mass and couplings of the dark photon can have
arbitrary values independent of the SM gauge boson masses. The intermediate C particles into which the X dark
matter particle decays are charged under the new UX(1) symmetry. That is their coupling to A
′ is given by gXJ
µ
CA
′
µ
where JµC is the current of the C particles. The electric charge of the C particles is
qC = −gX cos θW .
Notice that qC is suppressed by the mass mixing between the SM photon and the dark photon,  and can be arbitrarily
small. In order to keep the relativistic C particles produced by dark matter decay inside the galactic disk, the electric
charge of these C particles, qC , should be of order of or larger than
qC ∼ 10−11.
Ref. [6] focuses on the limit of equality of kinetic and mass mixings, δ = . In this limit, the coupling of A′ to the
SM fermions, q′, vanishes and the lifetime of A′ becomes much larger than the age of the universe; i.e., > 7 × 1045
years. An electric charge of qC ∼ 10−11 is too small to bring C, C¯ and A′ into thermodynamical equilibruim with the
plasma but it can lead to a background A′ with a density of nA′/nγ = 10−4(qC/10−11)2 [6]. In the limit of vanishing
q′, we shall therefore have a background of A′ with mass of few keV which will act as a subdominant dark matter
component as long as 10 eV < mA′ < 10 keV with average number density of 〈nA′〉 = 10−4nγ . The local density of
A′ can be then approximated as nA′ |local = 〈nA′〉(ρDM |local/〈ρDM 〉). In the limit discussed in [6], since A′ does not
couple to the electron, no constraint comes from the stellar cooling consideration.
In general for an arbitrary ratio of δ/, the coupling of A′ to the electrons, q′, can be nonzero. For A′ lighter than
a few MeV, A′ can contribute as effective relativistic degrees of freedom, δNeff , during nucleosynthesis era on which
there are strong bounds. Requiring δNeff < 1 then implies q
′ < 10−9(mA′/MeV)1/2. As shown by Landau and Yang,
a spin one particle such as A′ cannot decay into a pair of photons [17]. A′ with a mass of keV can however decay
into γγγ via an electron loop with a rate of ∼ mA′(q′e3)2/(100pi3(16pi2)2). For 100 eV < mA′ < 100 keV, there are
very strong bounds (as strong as 10−15) on q′ from stellar cooling [18] which requires at least a partial cancellation
between δ and . For mA′ ∼MeV, the strongest bound on q′ is slightly below 10−10 which comes from supernova
cooling [19, 20]. This bound can be relaxed if A′ has an extra interaction that can trap it inside the supernova core
or can result in a decay into the SM particles with a decay length smaller than ∼ 10 m.
Let us take a coupling of gτ−µA′µ(ν¯τγ
µντ − ν¯µγµνµ) which comes from identifying UX(1) with the anomaly free
Lµ − Lτ symmetry. For gτ−µ > few × 10−7(MeV/mA′)1/2, A′ can decay inside the supernova core to νµν¯µ and ντ ν¯τ
with decay length much smaller than the supernova core size so the bound on q′ can be relaxed. Indeed, Lµ−Lτ gauge
interaction at one-loop level induces δ with δ = (egτ−µ/12pi2) log[m2τ/m
2
µ] ' 0.014gτ−µ [21]. Taking gτ−µ ∼ 10−5 and
δ ∼ 10−7, the value of (q′gτ−µ)1/2 will be below the bound from Borexino [22, 23] and GEMMA [23, 24]. Moreover,
the bounds from the beam dump experiments [18] as well as from supernova cooling are relaxed because of the fast
decay of A′ to νµν¯µ and ντ ν¯τ pairs. Thus, with mA′ ∼few MeV, gτ−µ ∼ 10−5 and δ ∼ 10−7 (therefore q′ ∼ 3× 10−8),
all the bounds will be respected. However, neutrinos obtain a new flavor-dependent self interaction with a rate
comparable (or even larger than) the weak interaction. This can affect the neutrino emission duration as well as
flavor composition of the emitted neutrinos which can be tested in case of future observation of neutrino burst from
supernova explosion. At this range of the parameters, when the temperature drops below mA′ in the early universe,
A′ is both in thermodynamical equilibrium with the neutrinos and with the electrons so, unlike dark matter which
interact either with the plasma or with ν [4], the A′ decay does not lead to a new contribution to Neff .
In the range 100 keV < mA′ < 1 MeV, the strongest upper bound on q
′ also comes from supernova cooling which is
about ∼ 5×10−11. Again by opening a fast decay mode, A′ → νν¯ with a decay length smaller than ∼ 10 m, the bound
can be relaxed but the same coupling that leads to A′ → νν¯ brings A′ to thermal equilibrium with the plasma in the
early universe so at BBN and at neutrino decoupling era, A′ will contribute as three bosonic degrees of freedom which
4is ruled out by the bounds on Neff . Let us however consider the case that A
′ decays outside the supernova core to νν¯.
Similarly to the standard picture, the binding energy of the star will be carried out by neutrinos leading to a neutrino
burst such as the one observed in the case of SN1987a so the bounds from simplistic supernova cooling consideration
does not apply. Thus, if A′ decays into νν¯ outside the core, q′ ∼ 10−9 − 10−10 can still be compatible with the
observations of neutrinos from SN1987a and with the famous supernova cooling constraint. Taking mA′ ∼ 100 keV,
q′ ∼ 10−9 − 10−10 and gτ−µ <∼ 10−9, the bounds both from supernova cooling and from Neff [25] can be relaxed. In
this case, supernova core evolution should be reconsidered which provides a tool to test the model in case neutrinos
from another supernova explosion are observed. If A′ decay takes place at the outer layers of the star, it can help
with shock revival. Notice that we are introducing new interaction for neutrinos with the electron. However, since
gτ−µq′/m2A′  GF (both for mA′ ∼ MeV and for mA′ ∼ 100 keV), the deviation of the interaction rate of the solar
neutrinos in our model from the SM prediction is negligible and cannot account for the XENON1T excess [10].
In our model, the main component of dark matter is a scalar particle, X which decays into CC¯ with a lifetime larger
than 10000 times the age of the universe. The coupling between X and CC¯ is of course too small to bring A′ or C to
thermodynamical equilibrium with X. The model presented in Ref. [6] embeds the SLIM scenario [7] within which X
has a mass of few MeV and a Yukawa coupling of 10−4−10−3 to SM neutrinos and a right-handed Majorana fermion,
N with mass mX < mN < 10 MeV. The upper limit on mN comes from the contribution to neutrino masses. In other
words, the SLIM scenario provides a natural mechanism for generating small Majorana mass for active neutrinos.
Within this scenario, the X particles in the early universe come to thermodynamical equilibruim with the background
neutrinos with 〈σ(XX¯ → νν, ν¯ν¯)v〉 ∼ 1 pb. From BBN and CMB, a lower bound of 3.7 MeV is set on the mass of
mX [26]. If the X production mechanism is freeze-in or some other mechanism such that X particles never come
to the thermal equilibrium with the SM plasma, this lower bound on mX does not apply. In the present paper, we
shall stay agnostic about the production mechanism and shall fix mX to 10 MeV. The X particles in the galaxy are
non-relativistic so the C and C¯ particles produced in the decay of X will have an energy of mX/2. The Larmour
radius of such particles in the local magnetic field is
rL = 100 pc
(
3× 10−11
qC
)( mX
10 MeV
)(1 µ Gauss
B
)
, (3)
which is smaller than the galactic disk thickness (∼ 300 pc) so the C and C¯ particles are accumulated.
As shown in [27], the supernova shock waves pump energy to the charged particles in the galactic disk, enlarging
their Larmour radius and eventually repelling them from the galaxy. The rate of this process is t−1SNW = (100 Myr)
−1.
The reason why SM charged particles such as the electrons still remain inside the disk is that they can lose energy
by various mechanisms with a rate larger than t−1SNW . In the model described in [6], the C particles can lose energy
by scattering off the background A′ particles and can cool down. As pointed out in [6], if A′ particles decay, another
subdominant dark matter component can be introduced to play the role of the coolant. Let us denote this particle
with Y . Similarly to [6], we take 10 eV < mY < 10 keV, nY |local = (ρDM |local/〈ρDM 〉)〈nY 〉. A metastable A′ with
lifetime larger than the age of the universe can play the role of the coolant Y with the mentioned values. At each
collision, the relativistic Y particle with a velocity of v loses an average energy of
∆EC = mY
(
EC
mC
)2
v2.
Thus, the cooling time scale τE down to a velocity of vf can be estimated as
τE =
∫ mX/2
mC(1+v2f/2)
dEC
∆EC
1
σSvnY
∼ 4pim
3
C
g4Y nYmY
(
1
vf
− 1
vi
)
, (4)
where σS is the scattering cross section which can be written as σS ∼ g4Y /(4piE2C). For Y ≡ A′, gY = gX and for a
scalar Y , we define gY as the square root of the quartic coupling Y¯ Y C¯C. Taking nYmY /ρDM |local ∼ 0.1 and equating
τE with 100 Myr, we find
vf = 0.08
(
0.25
gY
)4 ( mC
3MeV
)3 0.1× ρDM |local
nYmY
.
When the velocity of the C particles reach this value, the energy gain from the supernova shock waves and the energy
loss due to the scattering off the Y particles compensate each other. The acceleration due to the supernova shock
waves is of course a stochastic phenomenon and the C particles will have a velocity distribution with the mean value
of vf . Simulating the velocity distribution of the C particles is beyond the scope of the present paper. We shall take
5the velocity of the C particles to be collectively equal to vf so EC ' mC(1 + v2f/2). The energies of the electrons and
positrons from CC¯ will be smaller than mC/2 so as long as mC < 12 MeV, the bounds from Voyager [28] and inflight
annihilation [29, 30] can be readily satisfied.
At each collision of C and C¯ on a coolant Y , they lose only a small fraction of the energy but since mY  mC , the
same recoil energy is enough to make the velocity of Y larger than the escape velocity and repel Y from the galaxy.
Within the time scale of 100 Myr, each C or C¯ particle scatters off the following number of the Y particles∫
dEC
∆EC
∼ 400(mC/3 MeV)(10 keV/mY ).
Let us take the fraction of dark matter particles that decay to be
f = ΓXt0
in which ΓX is the decay rate of X and t0 = 13 Gyr is the age of the galaxy. Each X decay produces a pair of CC¯
so the number of the Y particles per unit volume repelled by the CC¯ particles during the history of the galaxy can
be estimated as
δnY ∼ t0
tSNW
(
2fρDM
mX
)∫
dEC
∆EC
. (5)
Taking δnY < nY = 0.1ρDM/mY , we find
f < 10−3
( mX
10 MeV
)( mY
10 keV
)(ρY /ρDM
0.1
)
.
As discussed in [6], there is a stronger upper bound on f , from the requirement that CC¯ in the galaxy do not annihilate
away to A′A′:
f < 3× 10−4
( mX
10 MeV
)(0.25
gX
)4 ( mC
3 MeV
)2
. (6)
The magnetic field in the galactic disk enjoys an approximate azimuthal symmetry [31]. That is the magnetic lines
are circles inside the disk centered around the galactic center. The C particles will spiral around the magnetic fields
so their distance from the galactic center will not vary more than ∼ rL kpc. Considering that the dark matter
density also enjoys an azimuthal symmetry, the local density of C and C¯ will be given by (ρDM |local/mX)f .
III. PREDICTIONS FOR DIRECT DARK MATTER SEARCH EXPERIMENTS
As we found out in the previous section, the pico-charged particles, C, move around us with a velocity of vf ∼ 0.08.
The Larmour radius in the vicinity of the Earth is 5×108 km(10−11/qC)(mC/3 MeV)(0.5 Gauss/B)(vf/0.08) which is
much larger than the Earth radius. That is the magnetic field of the Earth cannot significantly alter the density of the
C particles around the Earth. As discussed in Ref. [6], the local density of the C particles will be (ρDM |local/mX)f
in which ρDM |local ∼ 0.4 GeV/cm3. These wandering C particles can scatter off the electrons and protons inside the
direct dark matter search experiments such as XENON1T.
By analyzing the relativistic kinematics, it is straightforward to show that the maximum recoil energy of the C
particles with velocity of vf scattering off non-relativistic particles of mass, m, can be written as
Emax = 2mv
2
f
m2C
(m+mC)2
(7)
where we have neglected corrections of O(v4f ). This maximum recoil corresponds to backward scattering. Taking
mC ∼ 1 − 5 MeV, m = me and vf = 0.08, we find Emax = 3 − 5.5 keV which is tantalizing in the range of electron
recoil excess observed by XENON1T [1]. Taking m equal to the mass of Xenon or Argon, we find Emax to be much
smaller than 1 eV so the bounds on the scattering off nucleons from direct search experiments such as XENON1T
[32] and DarkSide [33] can be satisfied. The CRESST detector is made of CaWO4 and aims at a detection threshold
of 100 eV but Emax scattering off even the Oxygen nucleus will be one order of magnitude below this state-of-the-art
detection threshold [34].
6The spectrum of recoiled electrons from a unit of mass of the detector can be estimated as
dN
dEr
=
Zout
mN
(2f
ρX
mX
)
∫
fC(v)
dσ
dEr
vdv
where mN is the mass of the nuclei composing the detector. For Xenon, mN = 131 GeV. Zout is the number of the
electrons per nucleus with binding energy smaller than the recoil energy. As shown in [35], taking step function of the
binding energy for the cross section is a valid approximation. For Xenon, we take Zout = 44 which is the number of
the electrons in the outer orbitals with principal quantum number n = 3, 4, 5. For these electrons, unlike the electrons
in the inner orbitals, we can neglect the electron velocity. fC(v) gives the velocity distribution of C and C¯ particles.
As discussed before, we shall take fC(v) = δ(v − vf ) for simplicity. As far as ||/2meEr  | − δ|/(2meEr + m2A′),
the t-channel photon exchange gives the dominant contribution to the C particles scattering off the electrons. The
differential cross section of scattering of the C and C¯ particles with electric charge of qC off the electrons can be
written as [36]
dσ
dEr
=
e2q2C
8pimev2
1
E2r
where Er < Emax = 2mev
2
f
(
mC
mC +me
)2
. (8)
Notice that at Er = Emax, dσ/dEr is nonzero. For general values of δ/, the coupling of the dark photon, A
′, to
the electron, q′ is nonzero so the dark photon exchange between the electron and C also contributes to the scattering
amplitude. Thus, dσ/dEr should be modified by an extra factor of(
1 +
2meEr
2meEr +m2A′
δ − 

)2
. (9)
Of course, in the limit  → δ that has been explored in Ref. [6], the second term vanishes and we recover Eq. (8).
In fact, for mA′ ∼ 1− 100 keV (for mA′ ∼MeV−50 MeV), the bounds on q′ from stellar cooling (supernova cooling)
render the second term negligible implying that the photon exchange is the dominant one. For the time being, let us
neglect the correction due to A′ exchange and analyze whether the XENON1T electron recoil data can be explained
by the photon exchange. We shall return to the correction in Eq. (9) later. Neglecting the contribution from the dark
photon exchange, we find
dN
dEr
=
1225
ton.year.keV
(
2 keV
Er
)2 ( qC
10−11
)2 f
10−4
10 MeV
mX
0.08
vf
Θ (Emax − Er) . (10)
Let us now analyze the XENON1T data within the framework of our model. Throughout our analysis we take
vf = 0.08, qC = 10
−11 and mX = 10 MeV. We use the binned data shown in Fig 4 of [1] and define χ2 as follows
χ2 =
∑
bins
[Npredi −Nobsi ]2
σ2i
(11)
where Nobsi is the number of the observed events at each bin and N
pred
i is the predicted number of events which is the
sum of the background and the signal from the C scattering in the ith bin. The values of σi (the uncertainty), N
obs
i
and the background at each bin are extracted from Fig 4 of [1]. Since the reported excess shows up at Er < 8 keV, we
only consider the first seven bins. Notice that because of the theta function in Eq. (10), for higher energy bins, Npredi
is equal to the background. From Eqs. (7,10), we observe that the dependence on mC is mild. For mC = 4 MeV
(mC = 2 MeV), the minimum of χ
2 for the first seven bins lies at f = 5.7× 10−7 (f = 5.6× 10−7) and is χ2 = 10.1
(χ2 = 10.3). The improvement relative to the case of f = 0 is mild and this is because while the signal is predicted
to increase at low energies as E−2r there is no deviation from the background in the first bin at Er = 1 keV. Fig 1
shows our prediction for mC = 2 MeV and mC = 4 MeV with corresponding best fits for f . As seen from Fig. 1,
the scattering of the C particles off the electrons with its E−2r behavior provides a good fit for low energy bins except
the lowest energy bin which is dangerously close to the detection threshold of XENON1T. As discussed in [1], the
background from 214Pb has also large uncertainty at this bin. Excluding this data point, f = 4 × 10−6 will provide
the best fit with χ2 = 1.4 with 5=6-1 degrees of freedom. This fit is also shown in Fig 1 with mC = 4 MeV. As
expected, there are jumps in the curves at maximum recoil energies 4 keV and 5 keV corresponding to the backward
scattering of the C particles. At these recoil energies, the scattering amplitude is nonzero so a jump in the curves or
equivalently a Heaviside θ-function in Eq. (10) is expected.
Fig. 2 shows χ2 vs. f for the bins with Er < 8 keV, including and excluding the first bin. To draw this figure
we have taken mC = 4 MeV, but varying the value of mC does not considerably change the curves. Notice that for
7FIG. 1. XENON1T electron recoil data compared with the prediction of our model without considering the contribution
from the A′ exchange (Eq (9)). The black dots represent the XENON1T data with their experimental errors shown by the
vertical bars [1]. The blue curve indicates the expected signal plus background plotted for mC = 4 MeV and for our best fit
point of f = 4 × 10−6, excluding the first bin (fitting the bins with 2 keV < Er < 8 keV). The green curve indicates the
predicted signal plus background for mC = 2 MeV (i.e., Emax = 4 keV), taking the corresponding best fit for the first seven
bins: f = 5.6 × 10−7. The olive curve shows the same for mC = 4 MeV (i.e., Emax = 5 keV) and corresponding best fit
f = 5.7× 10−7. The red dashed curve shows the background.
all values of f , the red line which includes the first data point is above the blue line. For f < 10−7, this is simply
because when we exclude the first bin, one (positive) term in computation of χ2 is removed so it becomes smaller.
The horizontal lines show the limits for 2σ and 3σ. Thus, taking all the bins with Er < 8 keV at the face value, we
find an upper bound of 1.5 × 10−6 on f at 3 σ. Excluding the first energy bin of the XENON1T electron excess,
the bound relaxes to 10−5. Notice that these are the strongest bounds on f so far. Remembering that f = ΓXt0,
the upper bound on f can be interpreted as a lower bound on the X lifetime. That is we have found that the
lifetime of X should be larger than 105 − 106 times the age of the Universe. The natural question that arises is that
whether with this stringent bound, the model can still explain the 511 keV line. To account for the 511 keV line with
f = O(10−7), as shown in Ref. [6], the annihilation cross section of CC¯ should be 10−4 b(10−7/f)2(mX/10 MeV).
The CC¯ pair first annihilate to the intermediate φ particles which eventually decay into e−e+ pairs [6]. To have such
annihilation, we may introduce quartic coupling λφC |φ|2|C|2. An annihilation cross section of 0.1 mb can be obtained
with λφC ∼ 6× 10−3.
Let us now consider the correction in Eq. (9) and check whether by considering the contribution from the A′
exchange, the first data point can also be fitted. As we discussed in sect. II, for 100 keV < mA′ <few MeV, the
bounds on q′ (i.e., on δ − ) from supernova cooling can be relaxed by introducing new interactions between A′ and
neutrinos. Let us first consider the range mA′ ∼few MeV. Within this range, 2meEr  mA′ so the modification
factor in Eq. (9) can be approximated as (1 + (2meEr/m
2
A′)(δ − )/)2. Thus, we can take f and (δ − )/(m2A′)
as two free parameters to fit the data. Taking mC = 4 MeV, the best fit for these parameters turns out to be
f = 10−7 and (δ − )/ = −2 × 103(mA′/MeV)2 which for  = −qC/(gX cos θW ) ∼ 10−11/(gX cos θW ) corresponds
to q′ ∼ (10−8/gX)(mA′/MeV)2. As discussed in the previous section, turning on the interaction with neutrinos such
that A′ can decay with a decay length smaller than 10 m into νν¯, the bounds from supernova cooling can be relaxed
ruling in this value of q′. The minimum χ2 is 4.7 for 5 = 7− 2 degrees freedom which corresponds to a goodness of fit
of 45 % (one-sided). This significant improvement in the fit is due to a cancellation between the contributions from
the dark photon and the SM photon exchange t-channel diagrams in the first bin. Fig. 3 shows this fit.
Let us now focus on the range mA′ ∼ 100 keV. Notice that in this range, 2meEr in the denominator of Eq. (9)
cannot be neglected and we should use the whole formula to fit the data. Taking mC = 4 MeV and mA′ = 100 keV
(mA′ = 200 keV), the best fit will correspond to (δ − )/ = −13.9 and f = 6.6 × 10−7 ((δ − )/ = −76 and
810 8 10 7 10 6 10 5 10 4
f
0
5
10
15
20
25
30
2
First bin included
First bin excluded
2
3
FIG. 2. χ2 vs. f . The red curve shows χ2 for the first seven bins with 1 keV < Er < 8 keV as a function of f . The minimum
of χ2 lies at at f = 5.7 × 10−7 and is aqual to 10.1. The blue curve demonstrates χ2 computed excluding the first bin (i.e.,
considering only the bins with 2 keV < Er < 8 keV). The best point fit is located at f = 4 × 10−6 and is aqual to 1.4. We
have taken mC ∼ 4 MeV to draw these curves but they appear to be very robust against varying mC . The black dotted lines
indicate the 2σ and 3σ limits.
f = 2× 10−7) and to the minimum χ2 = 4.11 (χ2 = 4.5) which is again an excellent fit thanks to the cancellation at
the first bin. As Fig. 3 demonstrates the predictions corresponding to these fits are very close to each other. Notice
that for such values of δ, q′ will be just slightly above the bound from supernova: q′ ∼ 10−10 − 10−9. As discussed
in the previous section, these values of δ (or q′) are allowed provided that there is a small coupling between A′ and
neutrinos such that A′ produced inside the supernova core can decay outside the core to neutrino pairs. This can
lead to a testable effect in the flavor, energy spectrum and the emission duration of neutrinos from the supernova
explosion. Moreover, through the q′ coupling, the A′ particles can be produced in the early universe and contribute
to δNeff with an amount of < 1. Probing smaller values of δNeff can test this model with q
′ ∼ 10−9 − 10−10.
IV. SUMMARY AND CONCLUSIONS
We have examined whether the electron recoil excess recently reported by the XENON1T collaboration can be
explained by the electromagnetic interaction of relativistic pico-charged particles, C and C¯ produced in the decay of
relatively light dark matter particles with a mass of ∼ 10 MeV. This scenario was originally proposed in [6] to account
for the 511 keV line coming from the galactic center. The magnetic field of the galaxy keeps the C and C¯ pico-charged
particles inside the galaxy. The C and C¯ particles can interact with the electrons and protons inside the detector.
The recoil energy imparted on the nuclei will be much smaller than the detection threshold but that imparted on the
electrons can be around few keV and in the detectable range for XENON1T.
The C particles, having an electric charge of qC , interact with the electron via t-channel photon exchange. If the
dominant interaction mode is this virtual photon exchange, the dependence of the scattering will have an interaction
of form E−2r which is characteristic of the Coulomb interaction. The E
−2
r dependence provides an excellent fit to the
events with 2 keV < Er < 8 keV; however, the events in the first bin with 1 keV < Er < 2 keV are compatible with
the background and deviate from this E−2r behavior of the signal, calling for a cancellation. The underlying model
for pico-charged particles is based on a new UX(1) gauge symmetry with new gauge boson called dark photon (A
′)
mixed with the SM photon. The pico-charged particles are charged under the new UX(1) so they couple to the dark
photon. A′ can have a small coupling with the electron, q′. The values of qC and q′ are respectively given by the
kinetic and mass mixing between the SM and dark photons. Thus, qC and q
′ can have independent values. The C
particles can interact with the electron also via dark photon exchange. If |qCe/(2Erme)| and |q′gX/(2Erme +m2A′)|
are of the same order, there is a possibility of cancellation in the first recoil energy bin. For mA′ < 100 keV, the
strong bounds from stellar cooling imply q′gX  qCe but we find that with 100 keV < mA′ < few MeV and with
appropriate choice of gXq
′/qC , our model provides an excellent fit to the low recoil energy excess. Such values of
q′ lie slightly above the supernova cooling bounds but we have argued that if A′ can decay into neutrino pairs, the
91 2 3 4 5 6 7 8
Er (keV)
0
20
40
60
80
100
Ev
en
ts
/(t
.y
.k
eV
)
B0
mA = 0.2 MeV
mA = 0.1 MeV
mA = 1 MeV
XENON1T data
FIG. 3. XENON1T electron recoil data compared with the prediction of our model taking into account the contribution from
the A′ exchange (Eq (9)). The blue curve shows the signal plus background assuming mA′ > 1 MeV and taking the best fit
values, f = 10−7 and (δ − )/ = −2 × 103(mA′/MeV)2. The green (olive) curve shows the signal plus background assuming
mA′ = 0.1 MeV (mA′ = 0.2 MeV) and taking the best fit values: (δ − )/ = −13.9 and f = 6.6× 10−7 ((δ − )/ = −76 and
f = 2×10−7). We have taken mC = 4 MeV which corresponds to Emax = 5 keV. The red dashed curve shows the background.
bounds from supernova cooling can be relaxed. Still A′ production would leave its imprint in supernova neutrino
flavor and energy spectra as well as in the neutrino emission duration which provides an alternative method to test
the model in case of observing a supernova neutrino burst in future. A′ can be produced via the q′ coupling in the
early universe, providing a contribution to Neff of order of 0.1 or smaller. As a result, the model can be also tested
by better determination of Neff through studying CMB and/or BBN. The distinct energy dependence of the electron
recoil excess prediction in this model can be tested by further and more precise data from direct dark matter search
experiments.
In order to accumulate the C and C¯ particles in the galactic disk, the electric charge of C should be larger than
10−11. The strongest upper bound on the electric charge comes from supernova cooling which is ∼ 10−9 [37]. The
sensitivity of XENON1T electron recoil energy spectrum to the mass of C is mild. As long as only the electron recoil
data of XENON1T is concerned, there is no upper bound on mC provided that mC < mX/2. However, if we also
want to explain the 511 keV excess, the annihilation of CC¯ should produce e−e+ pairs. The energy of the e− and
e+ pair at injection increases with increacing the C mass. Since there are bounds on the energy of e+ at injection
from Voyager [28] and from inflight annihilation [29, 30], C should be lighter than ∼ 10 MeV. For such light C, the
recoil energy of the scattering off nuclei will be smaller than the sensitivity threshold of direct dark matter search
experiments so the bounds from CRESST or DarkSide do not apply. To account for the electron recoil excess with
qC ∼ 10−11, the fraction of dark matter particles decaying into C and C¯, f = ΓXt0, should be few×10−7 − 10−6
which readily satisfies the various bounds on the decay of dark matter to relativistic particles [6, 38]. As shown in
Fig. 1 dependence on mC is mild as expected. For mC  5 MeV, there are however constraints from the null results
on the scattering off the nuclei in the direct dark matter search experiments.
We have shown that the XENON1T electron recoil data provides an upper bound of 10−6 on f at 3 σ. This is the
strongest bound on f so far. In other words, from the XENON1T data we have found that the lifetime of the dark
matter particles decaying into CC¯ should be larger than 106 times the age of the Universe. We have shown that with
such small values of f , it is still possible to account for the 511 keV line. As discussed in [6], this solution to the 511
keV line can be tested by studying the correlation between the magnetic field in the dwarf galaxies and the intensity
of the 511 keV line emitted by them.
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